Abstract We report collective dark states controlled transmission in metal-dielectric-metal waveguides with a stub coupled to two twin cavities, namely, plasmonic waveguidestub-dimer systems. In absence of one individual cavity in the dimer, plasmon-induced transparency (PIT) is possible when the cavity and the stub have zero detuning in the resonance frequencies. However, it is shown that the hybridized modes in the dimer collectively generate two dark states which make the stub-dimer Binvisible^to the straight waveguide, splitting the original PIT peak into two in the transmission spectrum. Simultaneously, the original PIT peak becomes a dip due to dark state interaction, yielding anti-PIT-like modulation of the transmission. With full-wave electromagnetic simulation, we demonstrate that this transition is controlled by the dimer-stub separation and the dimer-stub relative position. All results are analytically described by the temporal coupled mode theory. Our results may be useful in designing densely integrated optical circuits and in optical sensing and switching applications.
Introduction
Using optical bright and dark states and their mutual interactions to manipulate light in nanoscale has enabled many applications in nanophotonics. Fano resonance and electromagnetically induced transparency (EIT) are two examples [1] [2] [3] . Fundamentally, both of them are coherent interference processes found in quantum systems but have been observed in various classical physics [4, 5] . Many optical and photonic artificial structures have been proposed to mimic EIT [6] . In particular, tremendous Fano resonance and EIT analogies were demonstrated in plasmonic clusters and metamaterials [7] [8] [9] [10] [11] .
Plasmonic structures offer significant manipulations of light in the nanometric scale, enabling deep subwavelength confinement of light, nanometeric waveguide, surface-enhanced spectroscopy, etc. To achieve a highly flexible spectral and spatial control over light, a lot of designs have been proposed. One category of schemes relies on the usage of single or multiple resonators that are directly or evanescently coupled to a waveguide [12] . Plasmonic waveguides can be readily fabricated with metal-dielectric-metal (MDM) slots. The resonator designs, however, endure much more degrees of freedom, in light of plasmonic mode hybridization. Depending on the geometry configuration and collective excitation of resonance modes in coupled resonators, single-and multi-band filters with add/drop functionalities have been reported [13] [14] [15] [16] . These properties are largely governed by the coherent dynamics of plasmonic wave interferences, featuring Fano line shape or plasmon-induced transparency (PIT). In this vein, plasmonic waveguideresonator system not only provides feasible way for dense on-chip photonic interconnection but also represents a good platform to explore analogous quantum effects in multi-level atomic physics.
In this paper, we theoretically and numerically study a plasmonic waveguide system consisting of a stub that connects to a slot waveguide and two cascaded cavity resonators (see Fig. 1 ). It is shown that such waveguides exhibit spectral responses similar to a plasmonic nanorod clusters that mimic atomic four-level configuration [17] . We analyze the coupling dynamics by the temporal coupled mode theory (TCMT) [18, 19] , and show that the proposed structure leads to a cancelation of the PIT peak, which is referred to as anti-PIT. This is similar to transforming a PIT to a plasmon-induced absorption (PIA) [10, 11] . A specific MDM structure is designed to examine this transformation in the near-infrared. Full-wave simulations are then used to characterize the transmission and the near-field interactions in the proposed anti-PIT structure.
Theoretical Analysis
Let us start from the general scheme of the proposed anti-PIT structure, as shown in Fig. 1 . The system basically consists of a Bbright^resonator |0〉 interacting with a continuum |c〉 and two discrete states |1〉 and |2〉. The twin discrete states are supported by two closely coupled cavities, bearing bonding and anti-bonding hybridized modes. Within the TCMT, the amplitudes of the incoming and outgoing waves in the waveguide are denoted by S + and S − , respectively. Here, we consider light coming from one port and S ± are normalized such that |S ± | 2 represent the power of the wave. The time-harmonic amplitudes a i (i=0,1,2) of the stub resonator and the two cavities are expressed as:
where ω i (i=0,1,2) represents the resonant frequency of the i− th resonator and γ i (i=0,1,2) is the decay rate due to the internal loss. In Eqs. (1), (2), and (3), γ e is the decay rate due to the energy escape into the slot waveguide, θ represents the phase of waveguide-stub coupling, κ 1 denotes the coupling strength between the stub and the dimer, and κ 2 is the coupling strength between the two cavities in the dimer. The corresponding atomic level diagram is shown in the inset of Fig. 1 . By power conservation and the time-reversal symmetry, the amplitude in the stub and the outgoing and incoming waves in the waveguide must be related as
The waveguide transmission can be derived from Eqs. (1), (2), (3), and (4) as in geometrically cascading form, the transmission expression also appears in a cascading form. Equation (5) degenerates to the tooth-shaped waveguide [15] when κ 1 =0 and becomes the case (PIT structure) studied by Zhang et al. [12] if κ 2 =0. The PIT structures have transmis-
In presence of a second dark state (i.e., κ 2 ≠0 and B≠0), the PIT-like transparency peak (ω=ω 1 ) splits into two at ω ¼
To simplify the theoretical analysis, we first neglect the scattering radiation and the Ohmic loss in the system, i.e., let γ i =0 (i=0,1,2), and assume that the resonance frequencies of the individual resonators are equal, ω 0 =ω 1 =ω 2 . In such case, Eq. (5) reduces to
It is easy to show that the transmission dips are now at ω=ω 0 and ω
, and the peak positions at ω=ω 0 ±κ 2 . Obviously there are two peaks (unity transmission) and three dips (zero transmission), which is controlled by the number of collective dark states that are theoretically predictable [20] . In this regard, the second term in the right hand side of Eq. (6), 1−T, is equivalent to extinction in plasmonic clusters [10, 11] . We note that dark states here are modes/ excitations that do not affect the straight waveguide optically, the signature of which is unity transmission. This represents the situation that the side cavities collectively appear Binvisible^to the waveguide mode in the slot. Figure 2 shows the transmission spectra [by Eq. (6)] as a function of the coupling strength (κ 1 , κ 2 ) and detuning Δ=ω−ω 0 . Figure 2a is for fixed κ 2 =0.096ω 0 and Fig. 2b is for fixed κ 1 =0.048ω 0 . It is seen that the system supports three transmission dips except for vanishing κ 1 and/or κ 2 . Apparently, vanishing κ 2 features a PIT-PIA-like transition. Moreover, with increasing κ 1 in Fig. 2a or with increasing κ 2 in Fig. 2b , the two side dips split with one red shifted and the other blue shifted. The middle stop band slightly shrinks in 
Numerical Results and Discussion
Next, we numerically study an explicit case of Fig. 1 to verify the theoretical predictions. The stub (tooth-shaped resonator) of length t=782 nm is connected to the slot waveguide at one side. Two closely arranged cavities of equal length l=100 nm are evanescently side-coupled to the stub. All of them are of thickness w=50nm. The distance h=175nm is used to avoid direct coupling between the dimer and the slot waveguide.
The surface-to-surface distances between the stub and the two cavities are s=10nm and d=10nm, respectively. The dielectric medium in the slot and the stub waveguides is air while the two cavities are filled by SiO 2 (ε=4.5). The metallic cladding is silver with permittivity described by the Drude model, ε m (ω)=ε ∞ −ω p /ω(ω+jΓ), where ε ∞ =3.7, ω p =9.1 eV, and Γ=0.018 eV [13, 15] . Finite element method (Comsol Multiphysics) is employed to calculate the transmission with TM polarization (E z ≡0). Figure 3a shows the transmission spectrum of the proposed anti-PIT structure for both lossy and lossless (i.e., setting Γ=0) cases. Superimposed in Fig. 3a is the result (dotted red) for the case with the second cavity removed (i.e., the corresponding PIT structure) [12] . The presence of loss in the metallic medium simply makes the total transmission and total reflection imperfect (i.e., not strictly approaching 0 and 1) without much shifting of the peaks and the dips. We note that with only one cavity coupled to the stub, the structure exhibits EIT-like phenomena [12, 13] and the transmission maximizes near the wavelength λ = 900 nm. Further, notice that both the waveguide-stub and waveguide-cavity systems have minimum transmission for λ≈900 nm, shown by the solid black and dotted red lines in Fig. 3b , respectively. Indeed, our structure is actually formed by introducing an additional cavity adjacent to the first one in a PIT-structure.
The two cavities as a whole is a dimer and the transmission peak at λ=900 nm falls down to zero, introducing two transparency windows (solid black in Fig. 3a) . This resembles the transition from PIT into PIA in judiciously arranged plasmonic clusters [10] . Due to the interference of the modes in the stub and the dimer, the bandwidth becomes narrower with increased Q factor. Figure 4a -c shows the field distribution of H z for transmission dip wavelength (marked by arrows in Fig. 3a) of λ=780, 898, and 1048 nm, respectively. The transmission with or without loss are obviously different for the two side bands but are basically the same for the anti-PIT band. Figure 4d , e shows the field pattern for the transmission dips of the PIT structure, highlighting in-phase and out-ofphase coupling between the stub and the cavity. Figure 3b shows the transmission spectra for the cases with the resonant structures (stub, one cavity, and the dimer) directly coupled to the slot waveguide. The corresponding field patterns shown in Fig. 4f , g demonstrate that the dimer supports anti-bonding and bonding resonant modes at λ=788 nm and λ=1030 nm. Figure 4h , i shows that a transmission dip at λ ¼ 900 nm can be produced by the stub (the second-order resonance) or by the single cavity (the dipolar resonance). We note that the tooth-shaped structure in Fig. 4h may generate additional transmission dips by its first-and third-order modes [15] at λ=1480 and 656 nm, respectively.
We are now in a position to discuss the influence of the gap d and the distance h. Firstly, we examine the coupling strength in the dimer as shown in Fig. 5a . The FEM simulation results are fitted by the TCMT formula Eq. (5) and they are in good agreements. Figure 5c shows that the extracted coupling constant κ 2 exponentially decreases as the gap d between the two cavities increases from 10 to 80 nm, κ 2 = α exp(−d/β), here α = 813.6 THz and β = 437.8 nm. This is reasonable since the coupling inside the dimer is dominated by near-field interactions. However, in Fig. 5a , the dips shift asymmetrically for increasing d, meaning that the coupling strength κ 1 and the decay rates γ i have also been changed even though we just vary d and keep the other geometrical parameters intact. This is not unreasonable since the dimer cavities can be regarded as a whole that couples to the stub. The interactions of the elements with (κ 1 , κ 2 , γ i ) eventually results in PIT phenomenon in absence of the second cavity, for κ 2 ≈ 0 at d ≥ 80 nm. Fig. 3 a Transmission spectrum calculated by FEM for lossy (solid black) and lossless (dashed blue) cases of the specific waveguide-stubdimer system (anti-PIT structure). Transmission for the corresponding PIT structure (dotted red) is also shown. b Transmission spectrum of the slot waveguide side coupled to a cavity (Bslot + cavity,^dashed red), a stub (Bslot + stub,^solid black), and a cavity dimer (Bslot + dimer,^dashed blue) Figure 5b shows the influence of h which measures the position of the dimer to the slot waveguide. It is seen that the depth of the left and right dips vary in unequal phases when h increases. Here, the stub-dimer distance and the dimer gap are maintained at s=10 nm and d ¼ 10 nm, respectively. The coupling strength κ 1 between the stub and the dimer is governed not only by s but also by h because the field magnitude forms Fabry-Perot-like nodes in the stub [15, 21] . As seen in Fig. 5d , the fitted coupling coefficient κ 1 oscillates as a function of h. Interestingly, κ 1 is approximately consistent with the periodical variation of |H z | at the resonant frequency (λ=900 nm) in the corresponding tooth-shaped structure. More specifically, near the zero nodes of the magnetic field at h=327.2 nm and 645.1 nm (see Fig. 4h ), the coupling d Fitted coupling constant κ 1 (circle) as a function of h, for d= 10 nm, overlapped is field intensity |H z | at λ=900 nm (ω=ω 0 ) along the stub boundary in the tooth-shaped structure (see Fig. 4h) strength κ 1 minimizes. The side band dips can become very small to be even unrecognizable (see Fig. 5b ), for example, at h=235, 385, and 625 nm. We stress that the dips are always observed (visible) in the lossless TCMT prediction (see Fig. 2b ). The reason lies in threefold: (i) the realistic system is with Ohmic loss which may make small dips even invisible; (ii) the coupling strength in the dimer would vary as h changes; and (iii) more strictly, the coupling strength shall be replaced by complex-valued coupling coefficient, and the resonance frequency shifts as the phases of the coefficient that also depends on wave reflection at the interfaces of the resonant cavities [15] . Finally, the oscillation periods of κ 1 and |H z | in Fig. 5d do not follow each other at small and large h, e.g., for h <150 nm and h>750 nm. Small h would introduce direct nearfield coupling between the dimer cavities and the slot waveguide. While for large h, the extremity and finite-width effects come into play. The amplitude of the magnetic field decreases rapidly when h>t=782 nm, which does not allow sufficient power tunneling into and out of the dimer cavities.
Conclusions
In summary, we have investigated a phenomenon that is similar to anti-EIT in a nanometric plasmonic waveguide system with slot-stub-dimer cascaded geometry. Numerical results by FEM agree well with analytical predictions by a dynamic theory. Reminiscent to atomic physics, this coherently resonant system exhibits collective dark states which lead to narrow spectral responses by reversing a PIT peak. As EIT can be regarded as a special case of Fano resonance, we expect more complicated dynamics and spectrum evolution if the dimer is heterogeneous, filled with nonlinear material [22] or cascaded to additional cavities. The results could be used in designing densely integrated optical circuits, in optical sensing and switching.
